The aim of this study was to examine the effect of NaOCl pretreatment on the biomechanical fixation of implant at the early healing stage of a rat model. Polished titanium cylindrical implants and disks were prepared, and one-half of these samples were dual acidetched. Then, one-half of both surfaces were chemically-cleaned by pretreatment with 5% NaOCl solution for 24 h. Morphological analyses showed that there was no significant difference between before and after NaOCl treatment. The wettability measurement demonstrated that NaOCl treatment secondarily converted both titanium surfaces from hydrophobic to superhydrophilic, accompanied by the removal of hydrocarbons from the titanium surfaces. Biomechanical push-in test indicated that the bone-titanium integration strength of the NaOCl-treated implants were significantly greater than that of the untreated implants (p<0.05). These results showed that NaOCl pretreatment enhanced the osseointegration capability of titanium, indicating its potential for a simple chemical chair-side pretreatment method.
INTRODUCTION
Osseointegrated implants have been widely used in dentistry for the treatment of partially or fully edentulous patients due to their high predictability and wide variety of treatment options. Osseointegration has been defined as the direct contact between an implant body and surrounding living bone at the level of light microscopy 1, 2) , that supports a dental prosthesis for the functional loads [3] [4] [5] . The quantity and quality of newly formed peri-implant bones are crucial for shortand long-term stability of osseointegrated implants. The topological and physicochemical properties of implant surfaces affect the osteoconductive capability of implant materials. Considerable attention has been given to surface modifications of implants; however, there are no conventional implants with numerous surface features succeeded in obtaining complete osseointegration representing near 100% boneimplant contact. It has been generally accepted that the incomplete achievement level of osseointegration (45-65% of bone-implant contact on average) is the utmost limit of currently available implants 6, 7) . A series of studies revealed that these unfavorable bone-implant contacts were attributed to age-related impaired bioactivity of the implants, defined as the biological aging of titanium [8] [9] [10] . This phenomenon is caused by the loss of hydrophilicity and inevitable occurrence of progressive contamination of the titanium surfaces by hydrocarbons. Organic impurities, such as polycarbonyls and hydrocarbons quickly adsorb on the titanium implant surface from the atmosphere, water, and cleaning solutions 11, 12) . We have reported that ultraviolet (UV) lightinduced biofunctionalization restores the biologic aging of titanium. We also demonstrated that UV light treatment of aged titanium surfaces decomposes hydrocarbons by inducing photocatalytic activity and restoring superhydrophilicity. Protein adsorption on titanium surfaces and the progressive removal of surface carbon during ultraviolet light treatment are wellcorrelated 13) . Other reports have suggested that gamma ray treatment 14) , atmospheric pressure plasma jet 15) , and oxygen plasma 16) could be effective surface enhancement technologies to overcome the biologic aging of titanium and improve the osteoconductive capability of titanium implants.
We focused on the organic decomposition effect of sodium hypochlorite solutions (NaOCl), which are commonly used for irrigation in endodontology and adhesive dentistry, and have a broad antimicrobial spectrum, as well as, a unique capability to dissolve necrotic tissue remnants 17, 18) . Our previous in vitro study showed that NaOCl pretreatment of titanium enhanced the affinity of human mesenchymal stem cells (unpublished data). Therefore, the aim of this study was to examine the effect of NaOCl treatment on the biomechanical fixation of implant in an early healing stage of a rat model. 
MATERIALS AND METHODS

Titanium samples and surface characterization
One hundred eight cylindrical implants (2 mm in length, 1 mm in diameter) and 20 disks (20 mm in diameter, 1.5 mm in thickness) were prepared from commercially pure grade-2 titanium, which is considered to be the most generic and available pure titanium. Both cylindrical implants and disks were polished using a #2000 waterproof abrasive paper. After polishing, the specimens were cleaned ultrasonically in distilled water for 5 min, then dried with oil-free compressed air. One-half of these implants were dual acid-etched with 3% HF solution and 66% H 2SO4 solution. These titanium implants with two different surfaces were stored in the dark for 28 days. The surfaces of these implants were chemically-cleaned by subjecting onehalf of each surface to pretreatment with 5% NaOCl solution for 24 h. The other half without NaOCl pretreatment was regarded as control groups. The chemical and physical surface treatments employed in this study are summarized in Table 1 .
Surface morphology was examined by scanning electron microscopy (SEM) and scanning probe microscope (SPM) (SPM-9500, Shimadzu, Kyoto, Japan). The SPM data were analyzed by packaged algorithm software, and the measurements of average roughness (Ra), and root mean square roughness (Rms) were calculated. The hydrophilicity of the titanium surfaces was examined by measuring the contact angle of 10 µL distilled water on the titanium disks using an automatic contact angle measuring device (Phoenix Alpha, Surface Electro Optics, Suwon, Korea).
X-ray photoelectron spectroscopy analysis
The hydrocarbons adsorbed on the titanium surfaces were examined by X-ray photoelectron spectroscopy (XPS). Wide scanning survey spectra were obtained using an X-ray photoelectron spectrometer (ESCA; ESCA-850, Shimadzu) with AlKα radiation operated at a 7-kV accelerating voltage and 30-mA current under vacuum of 1×10 −6 Pa.
Animal surgery
Eight-week-old male Sprague-Dawley rats were anesthetized with 1-2% isoflurane inhalation. After their legs were shaved and scrubbed with 10% povidoneiodine solution, the distal aspects of the femurs were carefully exposed via skin incision and muscle dissection. The flat surfaces of the distal femurs were selected for implant placement. The implant site was prepared 9 mm from the distal edge of the femur by drilling with a 0.8 mm round burr and enlarged using reamers (#ISO 090 and 100). Profuse irrigation with sterile isotonic saline solution was used for cooling and cleaning. One untreated cylindrical implant and one NaOCl-treated implant were alternately placed on each side of the femur. Surgical sites were then closed in layers. Muscle and skin were sutured separately with resorbable suture thread. The Health Sciences University of Hokkaido Chancellor's Animal Research Committee approved this protocol and all experiments were performed in accordance with the Health Sciences University of Hokkaido guidelines of animal research.
Implant biomechanical push-in test
The established implant biomechanical push-in test was used to assess the biomechanical strength of boneimplant integration 7, 13, 14) . At week 2 of healing, the bone/ implant complex was harvested, and the implant surface of each complex was carefully exposed. The femur specimen was then embedded into auto-polymerizing resin so that the top surface of the implant was horizontal. The testing machine (EZ-Test, Shimadzu) equipped with a 500 N load cell and a pushing rod (diameter 0.8 mm) was used to load the implant vertically downward at a crosshead speed of 1 mm/min. The push-in value was determined by measuring the peak of the load-displacement curve. 
Morphology and quality of bone formed around the implants
The detached implants were carefully removed from the bone/implant complexes for the assessment of the morphology and quality of bone formed around the implants 19, 20) . The specimen was soaked in water under agitation for 1 h and dried at 35°C under reduced pressure. The specimens were carbon-sputter coated and then examined by SEM for surface morphology and by energy dispersive X-ray spectrometer (EDS) (Super Xerophy, Horiba, Kyoto, Japan) for the elemental composition. EDS measurements were performed in each of the three different regions (cortical, transitional, and bone marrow) shown in Fig. 1 .
Histological preparation
The femurs containing acid-etched implants were harvested and fixed in 10% buffered formalin for 2 weeks at 4°C. Specimens were immersed in Villanueva stains for 1 week, and then dehydrated in an ascending series of alcohol rinses and embedded in acrylic resin without decalcification. Specimens were ground to a thickness of 30 µm at a site 0.5 mm from the apical end of the implant with a rotary surface grinder (Buehler Ecomet3 Variable Speed, Switzerland) under running water. Sections were observed via light microscopy.
Statistical analyses
Hydrophilicity was evaluated for four groups of titanium disks (n=5). Twenty animals were used for the biomechanical push-in test and the SEM/EDS analyses (n=5). Five randomized areas were measured for EDS analysis in each of the three different regions of the removed implant. Two-way analysis was performed to examine the effects of acid-etched treatment and NaOCl-mediated treatment. Student's t-test was applied to compare variables between untreated and NaOCltreated titanium implants for SPM analyses, contact angle measurement and biomechanical push-in test; p<0.05 was considered statistically significant. 
RESULTS
Characteristics of titanium surfaces before and after
NaOCl treatment SEM images of the polished titanium implants were similar in surface morphology before and after NaOCltreatment (Fig. 2) . Polished titanium implants have anisotropic turned ridges. SEM images of the acid-etched titanium implants were similar in surface morphology before and after NaOCl-treatment (Fig. 2) . Both surfaces were characterized by uniform formation of a microscale compartmental architecture consisting of sharp ridges and pits, which did not show any sign of alteration after NaOCl treatment.
The SPM images confirmed a three-dimensionally rougher surface on the acid-etched titanium surface than on the polished titanium surface (Fig. 3A) . The SPM analyses showed no significant differences in both average roughness and root mean square roughness values between surfaces with and without NaOCl treatment (Figs. 3B and 3C ).
Enhanced hydrophilicity of the titanium surface with NaOCl treatment A larger spread of 10 µL water droplets was found on the NaOCl-treated disks than the untreated disks, as shown in side view images of the substrates (Fig. 4A) . The contact angle of water was significantly higher on the untreated surface (a contact angle of >70°) than on the NaOCl-treated surface (<5°) (Fig. 4B) .
Surface purification by NaOCl treatment at the molecular level
Wide scanning spectra obtained from the polished titanium surfaces before and after NaOCl treatment has been shown in Fig. 5A . Distinct peaks for O KLL, O 1s, Ti 2p, N 1s, and C 1s were observed from the titanium surface before NaOCl treatment. After NaOCl treatment, a small peak for Na 1s appeared and the N 1s peak, which was attributed to organic contaminants on the titanium surface, disappeared. The intensity of the C 1s peak decreased, while that of the Ti 2p increased Values are shown as mean ±SD (n=7). At week 2, the push-in values of the NaOCl-treated implants were 1.3-and 1.4-fold greater than those of the untreated polished titanium and the untreated acid-etched titanium, respectively (*p<0.05).
Fig. 7 (A) SEM images of implants after the push-in test at week 2.
Bars are 500 µm for 450× images. SEM observations revealed that more bone-like tissue remained on the NaOCltreated surfaces than on the untreated surfaces (B, C, D). EDS analysis after the push-in test at week 2. The scans were performed at three different areas in each of the cortical, transitional, and bone marrow regions to obtain an average and measured elemental ratio of Ca/P, S/Ti, and Ca/Ti (n=5). EDS analysis of NaOCl-treated surfaces in the transitional and bone marrow areas at 2 weeks show the dominant calcium elements (*p<0.05).
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with NaOCl treatment, suggesting that the titanium surface was cleaned with the decomposition of organic contaminants (Fig. 5B) .
NaOCl-enhanced in vivo implant fixation
The strength of bone-titanium integration, measured by the push-in test, for polished and acid-etched surfaces with NaOCl treatment at the early-stage of healing (week 2) increased 1.3 times and 1.4 times, respectively (Fig. 6) .
Enhanced bone quality around NaOCl-treated implants
To examine the nature of the biological tissues around the implants, EDS spot analysis was performed on biological structures formed around implant surfaces retrieved 2 weeks after implantation. SEM images showed the areas of recognizable biological structures, where the EDS spot scans were performed (Fig. 7A) . The Ca/P ratio in the bone marrow area was greater for tissue around NaOCl-treated implants than that around the untreated implants, but there was no such difference in the cortical and transitional area (Fig. 7B) . The S/Ti atomic ratio in the bone marrow and transitional area was greater for tissue around NaOCl-treated implants than that around untreated implants, but there was no such difference in the cortical area (Fig. 7C) . The Ca/Ti atomic ratio calculated on the basis of the EDS spectra was higher for biological structures formed on NaOCltreated surfaces than the untreated surfaces in the transitional and bone marrow areas for both the polished and the acid etched titanium implants (Fig. 7D) .
Increased bone formation around NaOCl-treated acid etched implants
At week 2, bone tissue with a woven and immature appearance formed in an area relatively distant from the implant surfaces in both the untreated acid etched implants and the NaOCl-treated acid etched implants (Figs. 8A and 8B). By examining the area adjacent to the implant surface, osteomorphogenic differences were found between the two implants. Bone formation occurred more extensively around the NaOCl-treated implants than that around the untreated implants (Fig. 8B ). Another notable difference was the extent of soft tissue intervention. Some bone tissue around untreated implants was associated with soft tissue interposed between the bone and the implant (Fig.  8A) , which was rarely observed around NaOCl-treated implants (Fig. 8B) .
DISCUSSION
This is the first report, to our knowledge, that addresses the osteoconductive capacity of chemically biofunctionalized titanium with sodium hypochlorite solution (NaOCl). The initial behavior of osteoblastic cells on the implant surface is the key factor in determining the osteoconductive capacity of implants during the early stage of osseointegration 21) . A series of studies revealed that osteoblast-affinity to titanium implants decreases over time. Furthermore, an implant biomechanical test demonstrated that the biomechanical strength of the bone-titanium integration for 4-week-old implants was less than half that for newly processed implants during the early healing stage at week 2 9, 22) . This "aging-like change" of the biological potential of titanium may be one of the reasons why the currently used titanium implants never achieve the ideal complete osseointegration. Aged titanium surfaces are mainly characterized by hydrophobic status and unavoidably contaminated hydrocarbons 23) . We previously demonstrated that the levels of protein adsorption and osteoblast attachment to titanium surfaces were inversely correlated with the amount of hydrocarbons on titanium surfaces, which increased over time, but not with the level of hydrophilicity. Recent studies on surface modification have focused on decontamination of hydrocarbons for biofunctionalization of titanium implants 14, 24) . This study employed NaOCl, which removes hydrocarbons by the decomposition of organics. NaOCl is well-known as an accessible nonspecific proteolytic agent capable of removing pathogenic organic materials and denatured collagen layers that are exposed after acid etching in endodontic and restorative therapy 17, 25) . In this study, we employed 5% NaOCl to assess the NaOClmediated biofuctionalization of titanium, because 5% NaOCl solution is most accessible for the commercially available ready-mixed reagent. Moreover, 5% NaOCl was introduced as a root canal irrigant in endodontic practice for the first time 26) . The concentration of 5% has been considered to be the standard concentration of NaOCl solution for the use of the organic decomposition 27) . Our future study should focus on the concentration-dependent manner of the NaOClmediated biofuctionalization to establish the more effective surface treatment technique.
The topological and physicochemical properties of implant surfaces are considered to be a crucial factor for osteoconductive capacity 28, 29) . SEM images and SPM analyses showed that there were no significant differences in surface microtopography before and after NaOCl treatment, while XPS analysis indicated that the relative intensity of C 1s peak for NaOCl-treated titanium surface decreased compared to that for untreated titanium surface. The wettability measurement of prepared titanium disks also demonstrated that NaOCl treatment converted titanium surfaces from hydrophobic to superhydrophilic for both polished and acid-etched titanium disks. It is generally accepted that the amount of organic contaminants adsorbed on inorganic materials increases the contact angle of water droplet on inorganic surface 30) . Within the limitation of this study, we assumed that the drastically increased hydrophilicity of titanium was caused by this decomposition of organic contaminants. Further studies are needed to reveal the detailed mechanism of this phenomenon.
The biomechanical push-in test indicated that NaOCl pretreatment has more effect on implant stability at week 2. It is generally accepted that the stability of the implant during an early healing period is crucial for the establishment of osseointegration. NaOCl-mediated enhanced osteoconduction appeared to accelerate bone formation around the implants, which eventually could prevent implant failure. Morphologic and elemental analyses of the tissue remnant on implants retrieved from the femur after the push-in test were previously reported as a useful means to evaluate the quality of osseointegration and fracture behavior at the bone-implant detachment surface 19) . SEM images of retrieved implants indicated that the NaOCl-treated implant surfaces were more extensively covered with mineralized tissue than the untreated implant surfaces for both the polished and acid-etched implants. It was also demonstrated that the amount of mineralized tissue formed on the acid-etched implants was obviously higher than that on the polished implants for both the NaOCl-treated and untreated implants. More tissue remnants on the implant surface is assumed to be due to more mineralized tissue formation, stronger tissueimplant integration, or both. The increased Ca/Ti and S/Ti ratios of the EDS spectra were detected in tissuetitanium interface area of NaOCl-treated surfaces, particularly in both transitional and bone marrow levels of acid-etched implants. The Ca/Ti ratio appears to be mainly affected by the volume of newly formed calcified tissue, and the S/Ti ratio appears to represent the amount of proteoglycan glycosaminoglycan(GAG) complexes at the tissue-implant interface. Our previous study indicated that the proteoglycan/GAG complex plays an important role on the biological adhesion between the tissue and titanium 31) . The Ca/P ratio appears to represent the degree of mineralization for the tissue remnant on retrieved implants. Most of the Ca/P ratios were significantly higher in the mineralized tissue remaining on the acid-etched implants than that on the polished implants both for NaOCl-treated and untreated implants. These results suggest that, NaOCl pretreatment increased bone formation on implant surfaces and enhanced the mineralization for both polished and acid-etched implants. Representative histological sections also indicated that the osteoconductive capability of acid-etched titanium implant with NaOCl treatment was higher than that of the acid-etched titanium implants without NaOCl treatment at the early healing stage of week 2.
The mechanisms behind the proposed NaOClmediated biofunctionalization appeared to be mainly caused by the decontamination of hydrocarbons. We previously demonstrated that the number of human mesenchymal stem cells attached to the titanium surface was significantly increased by simple chemical cleaning with NaOCl pretreatment (data not shown). Some other biofunctionalization technologies have been reported on the basis of this concept 14, 32, 33) . A characteristic of this NaOCl treatment, however, is a simple chemical surface treatment in a wet process that does not require any special devices. This treatment is effective especially for dental and surgical implants with irregular-shaped surfaces and porous surface structures. This allows bone tissue ingrowth within the implant since uniform treatment over the entire surface, including the inner surface of undercut areas or micropores, can be achieved unlike the surface treatments in most dry processes.
The electrostatic status of titanium surfaces and Na peaks in the XPS spectrum from NaOCl solution may result in differences between the osteoconductive capabilities of NaOCl-treated implants and UVtreated implants. Further studies are needed to reveal the underlying mechanisms of NaOCl-mediated biofunctionalization of titanium.
